Voltage-gated sodium channels respond to membrane depolarization by undergoing a series of conformational changes that culminate in channel opening and subsequent inactivation. Ionic fluxes through these channels underlie electrical signaling in many physiological processes, particularly in the nervous system and the cardiovascular system. The voltage-dependent sodium channel shares a common architecture with other members of the voltage-gated ion channel family that comprises a central ion-conducting pore surrounded by four voltage-sensing domains 1-3 . The 'outward' movement of charged residues in the voltage sensors in response to depolarization triggers a conformational change that is transmitted to the pore gates [4] [5] [6] [7] [8] [9] [10] . The nature of the structural mechanisms underlying conformational coupling of the voltage-sensor and pore gates is one of the central questions in ion-channel biology 11 .
a r t i c l e s
Voltage-gated sodium channels respond to membrane depolarization by undergoing a series of conformational changes that culminate in channel opening and subsequent inactivation. Ionic fluxes through these channels underlie electrical signaling in many physiological processes, particularly in the nervous system and the cardiovascular system. The voltage-dependent sodium channel shares a common architecture with other members of the voltage-gated ion channel family that comprises a central ion-conducting pore surrounded by four voltage-sensing domains [1] [2] [3] . The 'outward' movement of charged residues in the voltage sensors in response to depolarization triggers a conformational change that is transmitted to the pore gates [4] [5] [6] [7] [8] [9] [10] . The nature of the structural mechanisms underlying conformational coupling of the voltage-sensor and pore gates is one of the central questions in ion-channel biology 11 .
The principal subunit of the voltage-gated sodium channel is a large (260-kDa) polypeptide and has four homologous domains (DI-DIV) that together form a functional channel 12 (Fig. 1a) . Each domain of the sodium channel is equivalent to a single subunit of the voltagedependent potassium channel. The S4 transmembrane segments in the sodium channel are highly conserved across the voltage-gated ion channel family, and along with the S1-S3 segments they constitute the voltage-sensing domain of the channel 13 (Fig. 1b) . The S5 and S6 helices of the four domains together form the central pore of the channel. The high-resolution structures of the eukaryotic potassium channels, presumably representing the open conformation of the channel, reveal that the voltage-sensing domains make limited physical contacts with the pore 14, 15 . Studies of the Shaker potassium channel indicate that at least two putative pathways mediate the transmission of 'information' from the voltage sensor to the central pore [16] [17] [18] [19] [20] . Scanning mutagenesis and domain swap experiments combined with detailed electrophysiological studies have highlighted the importance of the S4 segment, the S4-S5 linker and the intracellular ends of the S5 and S6 segments 17, 20, 21 . This pathway likely couples the voltage sensor and the pore within the same subunit or domain. Tryptophan scanning along with statistical coupling analysis has uncovered another interface constituted in part by the S1 segment, which may be involved in coupling the voltage-sensing domain of one subunit to the pore of the neighboring subunit 18, 19 . These studies are beginning to unravel the molecular mechanisms underlying the propagation of structural change from the voltage sensor to the pore of a voltage-dependent ion channel.
In comparison to the voltage-gated potassium channels, little is known about the molecular determinants of electromechanical coupling in the sodium channels. The complexity of the sodium channel structure and an absence of functional symmetry make interpretation of structurefunction data extremely challenging. Recently, researchers have described an elegant methodology to dissect the functional behavior of parts of the sodium channel by transplanting them into a symmetric potassium channel template 22 . Here we have used a new approach that combines site-specific fluorescence recordings with conductance measurements to examine the molecular basis of coupling between the voltage-sensor and the pore of the sodium channel. We have systematically mutated residues in the S4-S5 linker, parts of the S5 and S6 of DIII (Fig. 1) to study the effect of these mutations on coupling interactions between voltage sensor and pore in the sodium channel. Site-specific fluorescence recordings determined the effect of these mutations on the thermodynamic parameters of the DIII voltage sensor, whereas the effect on the pore conformation was ascertained by conductance measurements. Upon mapping a set of critical residues on to a structural model of the sodium channel, we found that a majority of those residues are either in close proximity to or in the hinge regions of key helices such as the S4, a r t i c l e s S4-S5 linker, S5 and S6 segments. Two of these, an arginine (Arg1135) at the beginning of the S4-S5 linker and a phenylalanine (Phe1298) at the tail end of the S6 segment, are likely to form an interacting pair. Our analysis shows that these residues are involved in coupling interactions in both the closed and open conformation of the channel.
RESULTS
In this study, the role of the residues in a putative interaction surface likely to be involved in voltage sensor-pore coupling was assessed by a tryptophan-scanning mutagenesis approach. A mutation to tryptophan, which has the largest side chain volume among naturally occurring residues, has the potential to disrupt protein-protein interactions by introducing defects in the interfaces stabilizing the protein core 18, [23] [24] [25] . We introduced tryptophans into the rat skeletal muscle sodium channel (Nav 1.4), which is one of the bettercharacterized members of the sodium channel family. Fluorophores attached to cysteine residues proximal to the S4 segments of this channel were previously shown to track the movement of gating charges 26 . Here the conformational state of the voltage sensor of DIII was monitored by a fluorophore attached to substituted cysteine at the Leu1115 position (Fig. 1a) using a voltage-clamp fluorimetry setup. Thus, all the mutants were made in the L1115C background, which is hereafter referred to as the wild type (WT). The conformation of the pore gates was monitored by conductance measurements in a two-electrode voltage-clamp setup. Mutations of residues in the S6 DIII are known to significantly alter the stability of the sodium-channel pore 27 . Furthermore, the mutations of charged residues in the voltage sensor of DIII reduce the slope of conductancevoltage (G-V) relationships, suggesting that the movement of DIII Figure 1 Membrane topology of a sodium channel and a sequence comparison of the skeletal muscle sodium channel with the Shaker and Kv1.2/2.1 chimeric potassium channel. (a) DIII of the sodium channel is enlarged for clarity. The approximate location of the fluorescent probe at the L1115C position is marked by a red symbol. The mutated regions in the S4-S5 linker and N terminus of the S5 are highlighted in yellow and those in the S6 segment are highlighted in green. (b) Sequence alignment of the individual sodium channel domains with the two potassium channels. Only the region from the start of the S4 to the end of the S6 without the extracellular pore loops is shown. The S4, S5, and S6 transmembrane segments are highlighted in light blue. The mutated regions are marked as described in a. Taken together, these studies suggest that any direct or indirect alteration in the conformational state of the pore helices of DIII is likely to be manifest in the conductance properties of the sodium channel.
Scanning mutagenesis in the S4-S5 linker and inner pore of DIII
We introduced the tryptophan substitutions in the S4-S5 linker and parts of S5 and S6 toward the intracellular end (Fig. 1b) . These substitutions encompassed the gating interface identified previously 17 in the Shaker potassium channel. Among the 54 tryptophan mutants, functional channel activity was observed in all but 10 (Supplementary Table 1 ). Tryptophans at these ten positions presumably disrupt protein packing, which causes either a complete loss of channel function or low plasma-membrane expression. In all such instances, substitution to alanine instead of tryptophan generated a functional channel and allowed us to probe the role of side chains at those sites. Figure 2a shows typical voltage-dependent ionic current and fluorescence traces of the WT and a few of the mutants, representing a broad spectrum of functionally altered channels. The G-V relationships were obtained from peak conductance values, whereas the fluorescence-voltage (F-V) relationships represent the steady-state fluorescence intensities (Fig. 2b) . Structure-function studies on the brain sodium channel show that the steady-state activation curves of the inactivation-deficient mutants are not different from those of the WT channels 28 . This is mainly because the activation rates of the WT channels are about 4-to 5-fold faster than the inactivation rates 26 . The ratios of activation to inactivation time constants of the mutants were similar to those of the WT sodium channels (Supplementary Fig. 1a ). This suggests that inactivation is unlikely to have a significant effect on our estimates of activation parameters derived from peak conductance values.
To quantitatively evaluate the effects of the perturbation, we fit each of the G-V and the F-V curves to a single Boltzmann function and obtained the values of two parameters, the slope (z) and the voltage eliciting half-maximal response (V 1/2 ) (Supplementary Table 1 ). The difference in V 1/2 of the mutant relative to the WT was expressed as
, and these differences calculated from the F-V and G-V curves were summarized in Figure 2c . The plot reveals that more than half of the tryptophan mutants cause a statistically significant shift in the voltage range describing the fluorescence response compared to the WT. These data highlight the importance of the residues in this linker region in voltage-sensor activation and/or pore opening.
For the most part, the tryptophan substitutions cause a much larger effect on the F-V than on the G-V parameters. This trend can be partly accounted by the fact that the fluorescence specifically monitors the movement of DIII voltage sensor, whereas conductance requires contribution from the pore segments of all four domains. Based on their functional effects, the mutants can be broadly categorized into two groups: (i) those that shift the ∆V 1/2 of both the G-V and F-V curves in the same direction (referred hereafter as class I mutations) and (ii) those that shift the ∆V 1/2 of the F-V and G-V curves in opposite directions (class II mutations). Class I mutations have similar effects on the energetics of voltage-sensor activation and pore opening, whereas the class II mutations have opposite effects on these two processes. For instance, tryptophan substitution at the Leu1133 position generates a class II mutant, causing a 12-mV rightward shift in the V 1/2 of the G-V curve and a 25-mV leftward shift in the V 1/2 of the F-V curve (Supplementary Table 1 ). This mutation stabilizes the voltage sensor in the activated state and concurrently stabilizes the closed conformation of the pore. In the following sections, we will analyze these mutations and their implications in detail.
An implicit assumption in this sort of analysis is that the mutations do not induce a novel conformational change but only affect the thermodynamic parameters that define the coupled system. The time course (at saturating potentials) and the direction of fluorescence change (after accounting for shifts in V 1/2 ) in the mutants were similar to those for the WT (Supplementary Fig. 1b) . Furthermore, the amplitudes of fluorescence signals of the mutants are broadly correlated with channel expression as estimated from the peak outward currents obtained during fluorescence recordings. To quantify the effect of the mutations on fluorescence amplitudes, it is necessary to estimate the number of channels per cell and the fraction of labeled channels. Although gating current measurements have been used to normalize for channel density, we cannot rule out the possibility that these mutations may also modify the total gating charge per channel by altering the structure. Recent studies on the Shaker potassium channel show that the total gating current is highly sensitive to the position of the charge in a focused electric field 29 , and it is conceivable that a mutation could alter the total charge per channel by reshaping the electric field 30 or by hindering charge movement. Given these considerations, we cannot completely rule out the possibility that either the fluorescence amplitudes or the gating charge, in some instances, was modified by these mutations. Nevertheless, our overall fluorescence data is consistent with the notion that the probe is likely to track the same structural rearrangements in the WT and mutant channels.
Class I mutations
The voltage range of activation (V 1/2 ) of both F-V and G-V curves were shifted to more negative voltages in 14 mutants, suggesting that the energy required to activate the voltage sensor and pore opening is reduced ( Fig. 2c and Supplementary Table 1) . To evaluate this data in a structural context, we generated a homology model of the sodiumchannel structure (Fig. 3a , red, and Supplementary Fig. 2a,c) based on the crystal structure of Kv1.2/2.1 chimera 15 (Fig. 3a , blue, and Supplementary Fig. 2b ) (PDB 2R9R; see Online Methods). The model of Nav1.4 has two major differences: first, the sodium channel has a shorter S3-S4 linker compared to the chimeric potassium channel; second, the break between the S4 segment and the S4-S5 linker occurs immediately following the fourth charge. In the eukaryotic potassium channel, this break occurs after one helical turn. Mapping the class I mutants onto the structural model of the sodium channel (Fig. 3b) shows that many of these residues (8 of the 14 residues) are clustered in the intracellular region of the S5 and S6 segments (Fig. 3c) .
Residues in S5 (Ile1150, Pro1151, Met1154, Val1156 and Leu1157) face the clustered residues in S6 (Leu1282, Phe1283 and Ile1284) and away from the voltage sensor of DIII. The side chains of these residues project toward the S4 and S4-S5 linker of the neighboring domain (DII), and thus the mutations at these positions may perturb interdomain interactions, leading to altered activation profiles. Residues in this region have been shown to be important in activation-gating of the Shaker potassium channel 20 . The remaining six residues are positioned throughout the S4-S5 linker and the inner portion of S6 (Fig. 3d) . In contrast to the 14 residues that cause leftward shifts in the F-V and G-V curves, mutations at two positions cause rightward shifts in both curves. Asn1144 is at the C-terminal end of the S4-S5 linker, whereas Lys1297 is at the end of the S6 helix (Fig. 3d) . These two mutations in all likelihood stabilize the closed conformation of the channel. Although there are a few such exceptions, we assume that, for the most part, large aromatic substitutions such as the introduction of tryptophans disrupt protein packing. Thus, our finding that a large fraction of the mutants destabilize the closed state of the channel may reflect increased steric clashes in that state.
Class II mutations
Of the 54 sites probed in this study, tryptophan mutations in 7 sites corresponding to Leu1133, Ser1134, Arg1135, Ala1149, Phe1278, Asn1281 and Val1286 resulted in a leftward shift in the F-V and a rightward shift in the G-V relationships. Thus, the mutations at these positions cause the voltage sensors to activate more easily while concurrently making the opening of the pore more difficult. Figure 4 represents the F-V and G-V relationships of four of the mutants along with those of the WT. Rightward shifts of G-V curves were in the range of 2.6-12.7 mV, and leftward shifts of F-V relationships were in the range of 10.9-66.9 mV (Supplementary Table 1) . A stretch of three residues (Leu1133, Ser1134 and Arg1135) occurs at the hinge linking the S4 segment with the S4-S5 linker (Fig. 5) . Remarkably, three other residues are also either in the hinge or in close proximity. Ala1149 is at the hinge between the S4-S5 linker and S5 segment (Fig. 5b) , and Val1286 is in close proximity to this bend but in the S6 helix (Fig. 5c) . Phe1278 is near the putative gating hinge on the S6 helix (Fig. 5b) a r t i c l e s to the hinges in the structural model implies that these regions may play a unique role in the gating process.
Mutations at three positions (Gln1294, Lys1296 and Phe1298) in the lower half of the S6 helix caused a rightward shift in the F-V and a leftward shift in the G-V relationships, bringing their voltage ranges closer to each other (Fig. 4b) . Of these three, the F-V curve of Q1294W showed the largest depolarizing shift. A simplistic interpretation is that the tryptophan mutations at these positions increase the strength of coupling between the voltage sensor and the pore domain. As a result, the functional properties of these two domains resemble each other. Conversely, we can infer that the class II mutations, which stabilize the activated voltage sensor and destabilize the open pore, decouple the voltage sensor and pore movements. We will revisit these interpretations in the Discussion section.
Probing a putative interaction pair
The crystal structure of both Kv1.2 and the Kv1.2/2.1 chimera shows that the S4-S5 linker is juxtaposed to the S6 helix of the same subunit 14, 15 . The S4-S5 linker is almost parallel to the membrane plane and is positioned over the S6 inner helix, forming an interaction surface with one face of the S6 helix. Studies of the HERG potassium channel 31 have shown that positively charged residues in the S4-S5 linker are likely to interact with the S6 segment of the potassium channel. Sequence alignment of different members of the voltage-gated channel family shows that the tail end of the S6 segment is rich in negatively charged residues or aromatic groups. In our structural model of the sodium channel, two phenylanines (Phe1298 and Phe1136) were observed in proximity to positive charges (Arg1135 and Lys1296) on S4-S5 linker in the tertiary structure (Fig. 6) , raising the possibility that these residues form a cation-π type of interaction 32 . Tryptophan substitutions at both of these positions showed a trend consistent with increased coupling. Tryptophan has a higher electron cloud density than phenylalanine, which would contribute to a stronger cation-π interaction 33 . In the model, the side chains of Arg1135 and Phe1298 are pointing toward each other and their α-carbons are within 8.6 Å of each other, close enough to interact. To test this possibility, we first mutated these residues to alanine. Notably, the opposite shifts in F-V and G-V curves observed in F1298W were reversed in F1298A (Fig. 6a,b) , suggesting that Phe1298, but not Lys1296 (Fig. 6b) , may interact with Arg1135 in the S4-S5 linker. To further probe this putative interaction between Arg1135 and Phe1298 (Fig. 6c) , we switched the positions of aromatic and cationic side chains to create R1135W F1298R double mutant. The F-V and G-V curves of this double mutant were similar to the R1135W single mutant and not to the WT, suggesting that these two groups are unable to form an electrostatic interaction pair. Note that cation-π interaction is geometry dependent: the cation interacts in en face orientation as opposed to edge-on orientation with the aromatic side chain 32 . It is possible that switching the positions of the interacting side chains does not create an optimal orientation for such an interaction. Moreover, Arg1135 is in close proximity to other class II (Leu1133 and Ser1134) mutations and is in the putative hinge connecting the S4 to the S4-S5 linker. Substitution of arginine by a bulky tryptophan in this crucial putative hinge may introduce steric perturbations that prevent movements necessary for voltage sensor-pore coupling. Thus, to fully examine the interaction between Arg1135 and Phe1298, it will be necessary to use less disruptive substitutions, such as those involving non-natural amino acids 34 .
DISCUSSION
By combining tryptophan-scanning mutagenesis with voltage-clamp fluorimetry, we have identified a number of key residues that are likely to be involved in conformational coupling of the DIII voltage sensor to the pore of the Nav 1.4 channel. Class I mutants modify the energetics of voltage-sensor activation and opening of the pore, causing both of the activation curves to shift in the same direction. To understand how a single residue substitution can cause such effects on the voltage sensor and pore, we first consider two simple canonical models of a cooperative system where the two domains interact either when both are in their resting states (scheme IA) or in their activated states (scheme IB) (Fig. 7a) . The activation probability of the voltage sensor (P V A ) and the pore (P P O ) can be defined by the three thermodynamic parameters: the intrinsic equilibrium constants for voltage-sensor activation (K 1 ) and pore opening (K 2 ) and an interaction between the two domains (θ) (Supplementary Methods). The effect of changing each of the three model parameters on P V A and P P O was tested using numerical simulations (details in Supplementary Methods and Fig. 7 legend) . The plots in Figure 7b -e show that, for schemes IA and IB, the probability of voltage-sensor activation and pore opening increase when either K 1 or K 2 increases. When the interaction term is increased, the voltagesensor activation and pore-opening probabilities for scheme IA also increase, whereas the corresponding probabilities for scheme IB decreases. To evaluate the generality of these trends, we analyzed the derivatives of the probability expressions (Supplementary Table 2) . A positive value of the derivative with respect to a thermodynamic parameter indicates that the probability value will increase as that parameter value is increased. The derivatives of voltage-sensor a r t i c l e s activation and pore opening also show that both these probabilities move in the same direction when any one of the thermodynamic terms is modified.
The above analysis shows that if a mutation (in scheme IA or IB) modifies either the interaction term or the intrinsic equilibrium constants, then both the probability curves will shift in the same direction. Nonetheless, we can make some inferences regarding the role of these amino acids based on their position in the structural model of the sodium channel. A majority of the class I mutations stabilize the open state, relative to the closed state, of the channel, and a large fraction of these are in the S5 and S6 segments, which constitute the pore domain. In KcsA structure 35 , which serves as a model of the closed pore, the four S6 helices are tightly packed at the bundle crossing. Studies in the Shaker and the HERG channel show that mutations in these regions disrupt the tight packing and destabilize the closed pore 5, 27, [36] [37] [38] [39] . These findings suggest that the introduction of tryptophan in the S5 and S6 region mostly destabilizes the packing in the closed state of the sodium channel.
In contrast to class I mutations, the class II mutations cause opposite effects on the activation of the voltage sensor and pore opening in the sodium channel. These 'Janus-faced' mutants are reminiscent of the ILT mutant of the Shaker potassium channel 16, 40 . The voltage sensor in the ILT mutant is stabilized in the activated state whereas the open pore is highly destabilized. Our derivative analysis (Supplementary Table 2 ) unequivocally shows that the opposing effects on the voltage sensor and pore cannot be rationalized by changing a single parameter with schemes IA and IB. We consider an alternate model of a cooperative system (scheme II, Fig. 7a) , in which the voltage sensor and the pore interact with each other when both of them are in the doubly resting and doubly activated state; θ is the coupling term between the pore and voltage sensor. We define this type of interaction as a 'conserved interaction' as opposed to an 'unconserved interaction' of the type depicted in schemes IA and IB. Conserved interactions result in no net gain or loss of interaction energy going from the doubly resting to doubly activated state and achieve conformational coupling by destabilizing the intermediate states.
The probability expressions of activation for the voltage sensor and the pore in scheme II are
The WT F-V and G-V data were fitted to these probability expressions to obtain the initial estimates of the three thermodynamic parameters for numerical simulations. The plots in Figure 7f ,g show the effect of changing each of these parameters on the probabilities of voltage-sensor activation and pore opening. Note that the probability of voltage-sensor activation decreases with increasing values of θ, whereas that of pore opening increases. Analysis of derivatives of the above probability expressions also shows that a change in interaction term but not the intrinsic equilibrium constants has opposite effects on the probability terms under conditions when K 2 < 1 and K 1 > 1 (Supplementary Table 2) . Thus, in scheme II, a loss of coupling would lead to a rightward shift in the G-V curve and a leftward shift in the (1) (1) (2) (2) F-V curve. The assumption that K 2 < 1 implies that the pore domain is intrinsically more stable in the closed or resting conformation. This is consistent with scanning mutagenesis studies on the pore segments 38, 39 Thus, scheme II provides a plausible framework to rationalize the effects of class II mutations on the voltage-sensor movement and pore domain with a change in a single parameter. The three schemes that we consider here encompass all the possible ways two domains can be positively coupled to each other. If we assume that a single mutation alters only one thermodynamic term, then derivative analysis shows that the class II mutations must modify interactions between the voltage sensor and pore, in both the resting and activated states. This suggests that class II mutations have a unique role in coupling the voltage sensor to the pore domain.
Notably, many of our class II mutants map close to the sites in the Shaker potassium channel that cause opposite shifts in voltage-sensor activation and pore opening (Supplementary Fig. 3 ). For instance, Ala1149 maps close to the hinge connecting the S4-S5 linker to the S5 segment on the sodium channel. Glu395 and Leu398 occupy the equivalent position in the Shaker potassium channel. These residues also face the hinge connecting the S4 segment with the S4-S5 linker in the neighboring subunit and may be involved in intersubunit coupling. Class II mutants Phe1278 and Asn1281 in the S6 helix of DIII map in the vicinity of Leu472 in the Shaker potassium channels. Ser479 in the Shaker channel is in the same region as Val1286 in the DIII of the sodium channel. These findings suggest that many of the structural mechanisms involved in electromechanical coupling are likely to be conserved between the members of the voltage-gated ion channel superfamily.
Intriguingly, the majority of mutants in the Shaker channel with a class II phenotype occur near the hinge regions (Supplementary Fig. 3) . Although there is an uncertainty in the structure of the sodium channel due to a lack of high-resolution data, an unexpectedly high number of the class II mutations were also localized to the hinge regions connecting the various helices such as the S4, S4-S5 linker and S5 segments in the sodium channel homology model. Calculations of angle-bending potentials in the hinge regions of lysozyme 41, 42 and a number of other proteins [43] [44] [45] [46] have shown that these potential functions are parabolic with respect to angular displacement. Thus, bending at the hinges generates a restoring force, which acts on the neighboring segments and thereby propagates conformational change. The conserved interactions by definition are elastic interactions, and hinge-bending potentials will be emblematic of such interactions. Introduction of bulky tryptophan groups at or near the hinge regions may prevent hinge-bending motions and may account for the high number of class II hits at those regions. Based on these findings and previous studies on the Shaker channel, we speculate that the hinge regions play an important role in conformational coupling between the voltage sensor and pore in voltage-dependent ion channels. The importance of hinge residues in electromechanical coupling suggests that the conformational propagation underlying voltage-dependent gating is likely to involve rigid body motions of helices rather than a wavelike spread such as those envisioned for the ligand-gated ion channels [47] [48] [49] .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
